Compound eyes differ from those of other types, not because the mosaic quality of their image is imposed by a cellular retina; this is so in all eyes. Rather the compound eye is unique in having a dioptric apparatus which is itself also a mosaic, one made up of facets and lenses, each focusing light on different specific parts of a convex retina. Because of restricted angular apertures and differences in the orientation of the axes of these optic elements, single ommatidia do not individually survey the whole visual field of the eye. Instead, one such unit can be stimulated only by a fractional part of the total field, a small patch lying near its own optical
Compound eyes differ from those of other types, not because the mosaic quality of their image is imposed by a cellular retina; this is so in all eyes. Rather the compound eye is unique in having a dioptric apparatus which is itself also a mosaic, one made up of facets and lenses, each focusing light on different specific parts of a convex retina. Because of restricted angular apertures and differences in the orientation of the axes of these optic elements, single ommatidia do not individually survey the whole visual field of the eye. Instead, one such unit can be stimulated only by a fractional part of the total field, a small patch lying near its own optical
axis. An image of this spot is the ommatidium's contribution to the over-all visual mosaic.
Accordingly, the directional sensitivity of an ommatidium in the compound eye will be one of its fundamental physiological properties. Despite such importance, however, practically no direct information is available on this point. The present report describes some measurements of this function initiated in the lateral eyes of Limulus. Their relationship to the mechanism of polarized-light sensitivity will be considered subsequently.I Materials and Methods.-Lateral eyes of Limulus were prepared for study as described previously.2 However, two modifications in the method of mounting the eye were required by the present experiments. (1) To avoid the problem of uncontrolled reflection and refraction when the eye was rotated, it was mounted in air and sealed with paraffin wax to a plastic holder in such a way that the optic nerve passed through a slot into the physiological saline, under which it was necessary to isolate single responding units. (2) The chamber was then placed on a circular stage mounted on a dissecting microscope. This permitted the eye's orientation in azimuth to be conveniently and accurately changed while the nerve and the recording electrodes could be observed closely. In preliminary experiments, an additional adjustment in elevation was included, but the necessity of using the saline bath in preparing fine bundles of axons prevented its effective use. Consequently, the PHYSIOLOGY: 7'. H. W1"ATER.M1AN25 directional sensitivity of ommatidia in different anatomical planes had to be distinguished by mounting eyes in various positions on the holder.
The location and relative orientation of the ommatidia illuminated by the stimulating light were controlled by covering all but certain facets with opaque paint, as described elsewhere.3 In this way axons from exposed ommatidia in the center of the eye, which were most favorable for these experiments, could be recognized at once. It will be seen in Figure 1 that in this region the optical axes of the corneal lenses are normal to the eye surface. In the more peripheral areas of the eye, as observed long ago by Exner,4 marked deviations up to 30-40°from normality occur. The optical system used to stimulate the eye comprised the following. The source was a 6-volt, 18-ampere ribbon-filament microscope lamp, the image of whose uniform emitting surface was focused on a depolarizing filter comprising three layers of ordinary waxed paper mounted betwveen optical blanks. In addition to the focusing lens, between the lamp and the depolarizer were a heat filter, a neutral Wratten filter for adjusting stimulus intensity in large steps, and two Polaroid sheets used for fine adjustments of transmitted intensity. A shutter was placed between the depolarizer and the Limulus eye preparation. Since this filter not only depolarized the light but also scattered it diffusely, it acted as the effective light source for stimulating the ommatidia. Consequently, the functional aperture for the stimulus was set by the diaphragm of the shutter. The geometry of the system was such that this evenly illuminated surface subtended an angle of 8°at the cornea. While further quantitative experiments need to be done with a smaller stimulating light source, it will be seen below that the directional sensitivity of the ommatidia in the Limulus eye is so broad that this factor did not greatly affect the present results. from the optical axis (Fig. 2) . Within this range, of course, the number of impulses resulting from a flash of given intensity and duration decreased as the angle of incidence deviated to either side of the optical axis. Similarly, when a single ommatidium was stimulated with continuous illumination, a steady discharge was obtained over a wide range of incident angles (Fig. 3) . Even in such light-adapted units, responses occurred with the light entering at 300 on either side of the optical axis.
The third way of measuring directional sensitivity, in addition to confirming the above results, also provided more quantitative data on the phenomenon. In this PHYSIOLOGY: T. H. WfATERMAN s case the threshold for a particular electrophysiological response was found as a function of the angle of stimulus incidence. The standard response was a series of four nerve impulses resulting from 1-second flashes given every 15 seconds. Stimulus intensity was adjusted at the various angles until this response was just obtained.
----m---- Typical data secured in this way with either horizontal or vertical rotation of the eye are plotted in Figures 4 and 5 . Obviously, the lowest thresholds were found close to the optical axes of the ommatidia, although high degrees of sensitivity extended out to 10-290 on either side. Responses frequently occurred with 400 deviations from the axis. Even larger angles were not unusual, and on one occasion the threshold in question at a 900 incident angle was less than 4 log units above the lowest threshold measured directly on the optic axis. Note that the effective apertures of a single ommatidium are twice the size of these deviations, carrying high degrees of sensitivity to 400, maximum to 1800! This should justify the statement made above that the 80 extent of the stimulus, although it could obscure fine detail, particularly close to the axis, had little influence on the general outcome of the measurements. Observe also that directional sensitivity appears to be similar in the two different anatomical planes. Discussion.-The most important physiological consequence of the angular sensitivity of an ommatidium wvill be its relation to visual acuity. Nearly all the critical parameters of acuity, such as resolving power of the dioptric components,5 the cellular mosaic of the retinulas concerned,6 nervous integration,7' 8 intensity and wave-length of illumination, contrast, and the spatial discrimination under test, were adequately controlled in the experiments. Consequently, the main factor to be discussed here is the relation of the observed directional sensitivity to the angle separating the ommatidial axes.
Measurements of corneal sections like those shown in Figure 1 indicate that the maximum angular separation of ommatidial axes is 150 or less, the minimum 4-5°. Clearly, then, the overlap in the visual fields of neighboring units must be extensive, since thresholds may not rise more than 2 log units with light incident 150 from the optical axis. Visual acuity might, for this reason, be less, and perhaps considerably so, than would be predicted from the number and angular separation of the ommatidia. Such a visual disability would fit in well with evidence from several other lines of work, suggesting that xiphosuran lateral eyes are degenerate structures.3' 9 On the other hand, the high acuity of vertebrate retinas, despite marked overlap in the receptive fields of single optic-nerve fibers,10 should provide a caveat against generalizing from optical or neurological data alone.
Experiments to determine the visual acuity of Ltnulus directly are now under way in the author's laboratory, with the optomotor response to moving stripes as a measure of visibility. Comparison of such behavioral results with the present electrophysiological data should further our understanding of the over-all problem.
This report may be briefly summarized by saying that measurements of directional sensitivity in single Limulus ommatidia show these units to respond over a broad range of incident stimulus angles. Although high sensitivity was centered within 10-20°of the optical axis, responses to reasonable light intensities were obtained 80-90°from this referent. * These studies were aided by a contract between the Office of Naval Research, Department of the Navy, and Yale University, NR 163-091. A preliminary aecount of this work was presented at the December, 1953, meeting of the American Society of Zoologists (Anat. Rec., 117, 566, 1953) .
